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Abstract:  In order to secure high strength and high elongation of suspension parts, it is critical to predict 
shrinkage porosity quantitatively. A new simulation method for quantitative prediction of shrinkage porosity when 
replenishing molten metal has been proposed for squeeze casting process. To examine the accuracy of the 
calculation model, the proposed method was applied to a plate model.
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I
n recent years, there has been an increasing demand for 
lightweight automobiles, in conjunction with competing 
issues as recycling and increasing cost of crude oil. The 
substitution of steel for aluminum alloy has increased the 
speed of casting parts and a new squeeze casting method 
has been developed. Such squeeze casting makes it possible 
to produce aluminum alloy castings with high strength and 
high elongation that are suitable for automotive suspension 
parts 
[1].
Product development using the NI (New Injection) process 
[2] 
was efficiently promoted by a recently-developed pressure 
analysis method 
[3]. This method predicts the occurrence of 
shrinkage porosity while considering the effects of molten 
metal supply under pressure. However, it is not a method for 
direct prediction of shrinkage porosity size. In this study, we 
aim at proposing a method for predicting the size of shrinkage 
porosity in a squeeze casting process. 
1 Calculation model
The following method is used to evaluate the size of shrinkage 
porosity considering the supply of molten metal under 
squeezed pressure. First, the volume of molten metal supplied 
to each element is estimated from the velocity of the molten 
metal and the aperture ratio on the surface of each element. 
Then, the volume shrinkage amount of each element due to 
solidification is calculated from the solid fraction of each 
element and solidiﬁ  cation shrinkage rate of the molten metal. 
Finally, it is determined whether the molten metal supply 
amount fully compensates for the amount of solidification 
shrinkage. Subsequently, the amount of shrinkage porosity for 
each element is determined. 
1.1 Calculation of molten metal ﬂ  ow velocity
Darcy's law is applied to calculate the molten metal velocity 
caused by the pressure gradient in the adjacent elements. 
Figure 1 shows the calculation target element and the velocity 
constituent between its neighboring elements. For example, 
the inﬂ  ow velocity in the X direction is calculated using the 
motion equation as shown in equation (1). The inﬂ  uence of the 
gravity term is neglected.  
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Where P is the pressure of molten metal, µ is the viscosity of 
molten metal, fl is the liquid fraction and K is permeability of 
solid phase. 
In addition, the outﬂ  ow velocity is calculated using equation (2):
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Similarly, the flow velocities vj-1, vj, wk-1 and wk are 
calculated in the Y and Z directions.
Permeability K, can be calculated by Kozeny-Carman 
equation, as shown in equation (3): 
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Where d1 is the primary dendrite arm spacing and c is a 
coefficient that varies depending on squeezed pressure. It is 
noted that the pressure dependence of permeability K has been 
considered by Kozeny-Carman equation since the coefﬁ  cient 
c and the viscosity rate µ in equation (3) vary with squeezed 
pressure.
1.2 Calculation of molten metal ﬂ  ow      
volume VQ
Using the velocity calculated in section 1.1, the molten metal 
supply amount to various elements is calculated. The molten 
metal ﬂ  ow volume VQ supplied from a certain surface within 
∆t is calculated by using equation (4).
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Where VQ is the molten metal flow volume, u is the flow 
velocity, ∆t is the calculation step time, A is an element cross-
sectional area, and fl is the liquid fraction. Afl is, therefore, the 
aperture ratio of element cross-sections. It is also assumed 
that the higher the liquid fraction is, the greater the aperture 
ratio becomes. In concrete terms, the inﬂ  ow volume in the X 
direction is calculated according to equation (5): 
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On the other hand, the outﬂ  ow volume in the X direction is 
calculated using equation (6): 
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Obviously, the outflow and inflow volumes in the Y 
direction and the Z direction, VQj-1, VQj, VQk-1 and VQk, can be 
calculated in a similar way. From the above, the molten metal 
ﬂ  ow volume (i.e. inﬂ  ow volume - outﬂ  ow volume) that ﬂ  ows 
into a target element within ∆t from X, Y and Z directions is 
obtained from the following equation (7):
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1.3 Calculation of solidiﬁ  cation shrinkage 
amount Vβ 
Generally, the volume of metal decreases as the temperature 
falls. Shrinkage of metal consists of liquid shrinkage, 
solidification shrinkage and solid shrinkage. All these 
principles also apply for aluminum alloys. It has been assumed 
that shrinkage porosities cast by NI process are mainly caused 
by solidification shrinkage, therefore only the amount of 
solidification shrinkage Vb is considered. According to the 
literatures [4] and [5], the amount of solidiﬁ  cation shrinkage of 
pure aluminum is about 6.8% and the solidiﬁ  cation shrinkage 
of Al-Si10% alloy is about 3%
[6]. With reference to the 
literature, it is assumed here that the solidiﬁ  cation shrinkage 
ratio b of A356 aluminum alloy is 5%. The amount of 
solidiﬁ  cation shrinkage is presumed according to the following 
procedure: 
First, the amount of solidiﬁ  cation shrinkage at a step prior to 
calculation time t-∆t is calculated using equation (8):  
                              pre s E pre sh f V V _ _ β =                      (8)
Where b is 0.05, VE is the volume of an element, and fs_pre is 
the solid fraction at a step prior to calculation time.
The amount of solidification shrinkage up to the current 
calculation time t is calculated with equation (9): 
                       now s E now sh f V V _ _ β =                           (9)
Where fs_now is the solid fraction at current calculation time. 
The amount of solidiﬁ  cation shrinkage Vb within ∆t is obtained 
from equation (10).
                         pre sh now sh V V V _ _ − = β                      (10)
Next, the amount of shrinkage from molten metal flow 
volume VQ and the amount of solidiﬁ  cation shrinkage Vb will 
be calculated. Detailed algorithm is explained in section 1.4.
1.4 Quantitative evaluation method of 
shrinkage porosity 
Figure 2 shows the flowchart for calculating shrinkage 
porosity VP of an element. First, the element pressure has to 
be determined whether it is higher than 1 MPa or not. As a 
result of comparing shrinkage porosity with pressure analysis 
in a great number of NI castings, no shrinkage porosity has 
been observed in any areas where the pressure was kept above 
1 MPa. Therefore, it was decided that in the algorithm of the 
program, elements should be narrowed down to those with the 
pressure below 1 MPa. 
Fig. 2 Flowchart of calculating shrinkage porosity volume
(1) When it is judged that the pressure of an element is 
more than 1 MPa, it is presumed that there is sufﬁ  cient molten 
metal supply capability to an element, and the ﬂ  ow volume VQ 
of molten metal that ﬂ  ows into an element is assumed to be 
the same as the amount of solidiﬁ  cation shrinkage Vb of such 
an element. In this case, no shortage of molten metal supply Overseas Foundry
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occurs. 
(2) Next, when the pressure of an element is lower than 1 MPa, 
the flow volume VQ will be compared with the amount of 
solidiﬁ  cation shrinkage Vb. When the ﬂ  ow volume VQ is greater 
than the amount of solidiﬁ  cation shrinkage Vb, the volume that 
shrunk during solidification is filled up by the flow volume 
and no shrinkage porosity occurs. When the ﬂ  ow volume VQ 
is smaller than the amount of solidiﬁ  cation shrinkage Vb, it is 
thought that such a molten metal supply shortage results in the 
occurrence of shrinkage porosity. The difference between the 
ﬂ  ow volume VQ and the amount of solidiﬁ  cation shrinkage Vb 
is substituted for the value of shrinkage porosity VP. 
(3) Finally, the amount of shrinkage porosity VP is obtained 
by checking the solid fraction of the elements and repeating 
the above-mentioned steps until the critical solid fraction fsc 
of the elements is reached. At the stage where the elements 
are completely solidified, it is assumed that there occurs no 
shrinkage porosity in elements where VP is zero. When VP is 
more than zero, the degree of shrinkage porosity occurrence 
is evaluated depending on the magnitude of VP values. In 
this case, the degree of shrinkage porosity is expressed as 
the diameter of a sphere, the volume of which is equal to the 
amount of shrinkage porosity VP. In other words, the diameter 
Dsh of shrinkage porosity that occurs in an element is evaluated 
by calculating the diameter of the shrinkage porosity from the 
shrinkage porosity amount VP and further by considering the 
coefﬁ  cients.
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Where Es is the size of an element, c1 is the lower limit of 
shrinkage porosity amount, c2 is the upper limit of shrinkage 
porosity amount, and c1 and c2 are fixed coefficients, 
respectively, which vary depending on the size of an element.
2 Test for a plate model
To examine the accuracy of the proposed model, a plate model 
of 200 mm × 50 mm × 10 mm (divided by an orthogonal 
element of 2.0 mm on a side), as shown in Fig.3, was 
examined. On the right end surface, an initial pressure is 
applied to this plate. The pressurizing elements contact with 
dummy elements of liquidus temperature so that the molten 
metal can supply to the pressurizing elements. In addition, to 
enable directional solidification from the left end surface, a 
heat insulator element was set up on both sides. The material 
of this plate was A356 aluminum alloy and the die material 
was H13. The die size is 212 mm × 62 mm × 22 mm. Table 1 
shows the composition of the A356 material.
Fig. 3 Plate model
Table 1 Chemical composition of A356 (wt.%)
Si Mg Mn Cu Fe Zn
6.8 0.35 0.001 0.003 0.12 0.003
Ni Ti Cr Pb Sn Al
0.002 0.13 – – – bal.
Table 2 shows the conditions for calculation. Temperature 
and pressure dependent kinematic viscosity coefficient of 
molten metal was taken into account for accurate calculation. 
In addition, Table 3 shows the heat transfer coefficients 
between the materials. The heat transfer coefﬁ  cients between 
the molten metal and the insulating material and that between 
the insulating material and the die were set sufﬁ  ciently small. 
Table 2 Calculation conditions
Conditions A356 H13 Insulator
Initial temperature of die (K) 986 473 473
Density (kg/m
3) 2,700 7,800 1,500
Thermal conductivity (W/m•K) 154.8 30.1 1.3
Thermal capacity (J/kg•K) 962.3 418.4 1,130.0
Latent heat (kJ/kg) 389
Liquidus temperature (K) 886
Solidus temperature (K) 823
Kinematic viscosity 
coefﬁ  cient (m
2/s)
     Dependent on solid fraction fs 
     and pressure
Pressure of pressurization
device (MPa)
100, 130, 150 and 200
Water cooling temperature (K) 293
Table 3 Heat transfer coefﬁ  cients
                     Materials  W/(m
2•K)
Air/Die 42
Molten metal/Die 2,093
Molten metal/Insulator  4.2
Insulator/Die 4.2
3 Calculation results of the plate 
model
Four different squeezed pressures (100 MPa, 130 MPa, 
150 MPa, and 200 MPa) were applied to the plate model to 
perform a quantitative analysis of shrinkage porosities. Here, 
the critical ﬂ  ow solid fraction fsc varied between 0.5 and 0.8, 
depending on the magnitude of the squeezed pressure. In 
fact, high squeezed pressure does not favor the occurrence of 
shrinkage porosities (i.e. enhances the molten metal supply 
capability). In the mean time, solidiﬁ  ed bulk will make mushy 
movement under squeeze pressure. It can be assumed that 
bulk viscosity will increase with the solidiﬁ  ed bulk movement. 
Therefore, the viscosity curves are also pressure dependent, 
as shown in Fig.4. For reference, the dotted line shows the 
ﬁ  xed value that was used conventionally. The modiﬁ  ed solid 
viscosity curves are based on the experimental data of A356 
aluminum alloys as functions of temperature, viscosity and CHINA FOUNDRY Vol.6 No.1
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solid fraction. 
Figure 5(a) through (d) show the analysis results of the 
center cross-section of the plate model under various squeeze 
pressure applied. It should be noted that any porosity below 
0.5 mm in diameter will be omitted since they cannot be 
detected in a real X-ray inspections (due to the current poor 
spatial resolution).  
Figure 5 (a) shows the results of calculations at a squeeze 
Fig. 4 Relationship between solid fraction and viscosity 
with different pressures
Fig. 5 Calculating size of shrinkage porosity in the 
section plate model
(a) P=100 MPa
(b) P=130 MPa
(c) P=150 MPa
(d) P=200 MPa
pressure of 100 MPa. It is predicted that the shrinkage 
porosities possibly occur ranging from 0.5 mm to 1.0 mm in 
diameter on the average. The shrinkage porosity elements 
closer to the center had larger diameters. There is a tendency 
for the porosity elements around the periphery to become 
smaller in diameter. This shows a tendency that is quite similar 
to the actual distribution of shrinkage porosity sizes. Figure 
5(b) shows the results of calculations at a squeezed pressure 
of 130 MPa. It shows that the size of shrinkage porosities 
is smaller than that of 100 MPa. There is no element with 
a shrinkage porosity of 1.0 mm in average diameter and 
the shrinkage porosity occurrence of 0.5 mm to 0.8 mm in 
average diameter is predicted. Figure 5(c) shows the results 
of calculations at a squeeze pressure of 150 MPa. The size of 
shrinkage porosities becomes even smaller than the calculation 
results that at 130 MPa. There were no elements with a 
shrinkage porosity of 0.8 mm diameter found and there is a 
possibility that only shrinkage porosities of 0.5 mm in average 
diameter occur. Figure 5(d) shows the results of calculations 
at a squeeze pressure of 200 MPa. No elements with 
porosity of over 0.5 mm diameter were found. It is predicted 
that shrinkage porosity occurrence under this pressure is 
completely inhibited. The simulated results shown in Fig. 5 (a) 
through (c) should be symmetrical on both sides of the long 
axis. However, some differences have been observed on the 
t-fsc results on Fig. 5(b). The viscosity and the permeability 
are thought to vary greatly with solid fraction fs. This, in turn, 
would cause erroneous calculation of shrinkage porosity (e.g. 
the asymmetry of porosities).
Although the numerical simulation result was not veriﬁ  ed by 
the plated model experiment, it was inferred that the simulated 
result is reasonable and valid. The veriﬁ  cation of this method 
by applying it to massive NI castings is in progress. 
4 Conclusions
(1) A quantitative prediction method of shrinkage porosity 
has been proposed considering both molten metal supply and 
the applied squeeze pressure.
(2) It has been further conﬁ  rmed that tendency of shrinkage 
porosity can be effectively suppressed by increasing squeezed 
pressure in the plate model.  
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